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(57) Abstract: A SiGe monocrystalUoe etch-stop 
material system on a monocrystalline silicon 
substrate. The etch-stop material system can 
vary in exact composition, hot is a doped or 
undoped Sii.xGex alloy with x generally between 
0^ and 0^. Across its thickness, the etch-stop 
materia] itself is muform in composition. The 
etch stop is used for mxcromachinrng by aqueous 
anisotropic etchants of silicon snch as potassium 
hydroxide, sodium hydroxide, lithium hydroxide, 
etfaylenediamine/pyrocatechol/pyrazine (EDP), 
TAM, and hydrazine. These solutions generally 
etch any silicon containing less than 7x10^' cm"^ 
of boron or ondoped Sii.xGe, alloys with x less 
than approximately 18: Alloying silicon with 
moderate concentrations of gennanium leads to 
excellent etch selectivities, i.e., differences in 
etch rate versos pore ondoped silicon. This is 
attributed to the change in eneigy band structure 
by the addition of germanium. Furlhennure, 
the nond^eiierale dopmg m the Sii.,Get alloy 
should not affect the etch-stop behavior. The 
etch-stop of the invention includes the use of a 
graded-composition buffer between the silicon 
subsbate and the SiGe etch-slop material. Nominally, the buffer has a Imearly-changing composition with respect to thickness, 
fiom pore silicon at the substrate/buffier interface to a composition of germanium, and dopant if also present, at the buffeiyetch-stop 
intetfece which can still be etched at an appreciable rate. Here, there is a strate^c jump in germanium and concentration fiom the 
buffer side of the interface to the etch-stop materia], such that the etch-stop layer is considerably more resistant to the ctchanL This 
process and layer soiicture allows for an entire range of new materials for microelectronics. The etch-stop capabilities introduce 
new novel processes and slnictur^ such as relaxed SiGe alloys on Si, Si02, and SiOJSL Such materials are useful for future 
strained Si MOSFET devices aiid circuits. 
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ETCH STOP LAYER SYSTEM 
BACKGROUND OF THE INVENTION 

The invention relates to the field of etoh-stop material systems on 
monocrystalline silicon. 
5 Microelectromechanical systems (MEMS) form ibQ bridge between 

conventional microelectronics and the physical world. They seethe entire spectrum 
of possible ^plications, MEMS inctode such varied devices as sensors, actuators, 
chemical reactors, drug delivery systems, turbines, and display technologies. At the 
heart of any MEMS is a physical structure (a mmibrane, cantilever beam, bridge, arm, 

10 channel, or grating) tiiat is "micromachined'^ fix)m silicon or some other electronic 
material. Siuce MEMS are of about the same size scale and, ideally, fully integrated 
with associated microelectronics, naturally they should capitalize on the same 
materials, processes, equipment, and technologies as tiiose of the microelectronics 
industry. Because the process technology for silicon is abeady extensively developed 

15 for VLSI electronics, silicon is the dominant material for micrbmachining. Silicon is 
also mechanically siq)erior to conQ)ound semiconductor matmals and, by fir, no other 
electronic material has been as tiioioughly studied. 

A wide array of micromadiined silicon devices are fibricated using a iig^ 
boron concentmtion "etch-stop" layer in combination with anisotropic wet etchants 

2 0 such as ethylenediamine and pyrocatechol aqueous solution (EDP), potassium 

hydroxide aqueous sohition (KOBQ, or hydrazine CN2H2). Etch selectivity is defined as 
the preferential etching of one matraial fister than anoflier and quantified as the ratio of 
the fiist^ rate to the slower rate. Selectivity is realized for boron levels above 10^^ 
cm'\ and improves as boron contmt increases. 
25 It should be noted tiiat etch stops are also used in bond and etch-back silicon on 

insulator (BESOI) processing for SOI microelectronics. The etch-stop requirements 
diflfer somewhat fix>m tiiose of micromachining, e.g., physical dimensions and defects, 
but the fimdamentals are the same. Hence, learning and development m one area of 
plication can mi should be leveraged in the other. In particular, advances in relaxed 

3 0 Sibe alloys as substrates for high speed electronics suggests that a bond-and-etch 

sch^e for creating SiGe-on-insulator would be a desnable process for (^eating high 
speed and wireless conununications systems. 

SUMMARY OF THE INVENTION 

Accdrduigly, the invention provides a SiGe monocrystalline etch-stop inaterial 
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system on a monociystallme silicon substrate, llieetdi-stop material system can 
vaiy m exact compositioii, but is a doped or undoped Sii-xGe^ alloy with x geoerally 
between 0.2 and O.S. Across its thickness, the etdi-stqp material itself is umfomi in 
composition. Theetchstopisusedfornucromachimngbyaqueousanisotto^ 
5 silicon such as potassium hydroxide^ sodium bydroxide, liifaium hydroxide, 
e1faylaiediamine/pyn)catechol/pyra2aneOBDFXTMAH,a^^ For example, a 

cantilever can be made of this etch-sb^ material syst^ then released 6om its substrate 
and surroundmg material, i.e., 'Wcromachinef by exposure to one of these ddiants. 
These sohitions generally etch any siliccm containing less than 7x10^' cm'^ of bonm or 

10 undqped Sii-xGCx alloys wiOi x less than approximately 18. 

Alloying silicon with moderate concentrations of germanium leads to excellent 
etch selectivities, i.e., differences in etch rate versus pure undoped silicoa This is 
attributed to the change in energy band structure by fhe addition of germanium. 
Furthmnore, the nondegenerate doping in fhe Sii.xGex alloy should not affect the etch- 

15 stop behavior. 

The etch-stop of the invention includes the use of a graded-coEoposition buffer 
between the silicon substrate and tiie SiGe etch-stop mataial. Nominally, the buffer 
has a linearly-changing composition witii respect to thickness, from pure silicon at the 
substrate/ buffer interface to a composition of germanium, and dopant if also present, at 

20 the buffer/ etch-stop interface which can still be etched at an appreciable mte. Hare, 
there is a strategic jun^) in germanium and concentration from the buffer side of tiie 
interface to the etch-stop material, such that the etch-stop layer is considerably more 
resistant to the etchant 

In accordance witii the invention diere is provided a monociystalline etch-stop 

25 layer system for use on a monocrystalline Si substrate. In one embodiment of die 
invention, the system includes a substantially relaxed graded layer of Si^xGez, and a 
uniform etch-stop layer of substantially relaxed Sii.yGcy. In another embodiment of ttie 
invention, tihie system inchides a substantially relaxed graded layer of Sii.xGcx, a 
uniform etch-stop layer of substantially relaxed Si^yGey, and a stramed Sii^Gez layer. 

30 In yet anotiier embodiment of the invention, the system includes a substantially relaxed 
graded layer of Sii^xGex, a unifotm etch-stop layer of substantially relaxed Sii.yGey, a 
second etch-stop layer of strained Sii.zCez, and a substantially relaxed Sii.wGew layer. 

In accordance with the invention there is also provided a metiiod of integrating 
device or layer. The method inchides depositing a substantially relaxed graded lay^ of 

3 5 Sii4(Gex on a Si substrate; dqK>siting a uniform etoh-stop layer of substantially relaxed 
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Sii.yGey on the graded biiJSer, and etching poitioos of the substrate and the graded 
buffer in Older to release the etch-stop layer. 

In accordance with anoth^ embodiment of the inv^tion, there is provided a 
mediod of integrating a device or lay^. Hie mediod inchides dq)ositing a substantially 
5 relaxed graded layer of Si uxGcx on a Si substrate; depositing a unifozm first etch-stop Isycs 
of substantially relaxed SiuyGey on the graded buiS^ depositing a second etch-stop layer 
of strained Sii^Gez; dq>ositing a substantially relaxed Sii.wGev lay^ etching portions of 
the substrate and flie graded bufEear in order to release the first etch-stop layer; and eK^g 
.portions of the residual graded buff^ in ordor to release the secoml etch-stop Sii^G^ 
10 layer. 

BRIEF PESCRIFnON OF THE DRAWINGS 

FIGs. lA-lD are functional block diagrams of exemplary qpitaxial SiGe etch 
stop structures configured on a siUcbn siibstrate in accordance with the rnvrntton; 
15 FIG. 2 is a cross-sectional TEM micrograph of the structure of FIG. IB; 

FIG. 3 is a cross-ssectional TEM micrograph of the structure of FIG. IC; 

FIG. 4 is graph of dopant concentrations of tfie structure of FIG. lA; 

FIG. 5 is a graph of dopant ccmcentrations of the structure of FIG. ID; 

FIG. 6A is a graph showing the cylindrical ^h results of the structure of FIG. 
20 1 A; FIG. 6B is graph showing a maguification of the left side of FIG. 6A; 

FIG. 7 is a graph showing the cylindrical etch results of the structure of FIG. 

ID; 

FIG. 8 is a graph showing Ae etch rates for <100> intrinsic silicon in 34% KOH 
at 60T normalized by 1829 jun/hr of the structures of FIGs. lA-lD; 
25 FIG. 9 is a photograph of a top view of a micromachined proof mass; 

FIG. 10 is a block diagram of a process for febricating an SiGe-on-insulator 
structure; 

FIG. 1 1 A-1 IF are schematic diagrams of die fehrication process for SiGeOI; 
FIGs. 12A and 12B are IR transmission images of intrinsic voids due to 
3 0 particles at die bonding inter&ce^ and a demonstration of void-fi:ee bonding, and crack 
due to Maszarasur&ce energy test for SiGe bonded to oxide prior to annealing, ' 
respectively; 

FIG. 13 is a gr^h of oxide thickness versus oxidation time* for TOO^'C w^ 
oxidation of SiGe alloys for various Ge concentFation; 
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FIG. 14 is a graph showing the etchiiig results using a 
HF:H202:CH3COOH (1 :2:3) solution, for ftie a test structure shown in inset diagram; 

FIG. lSisacioss-serti<malTEMmi(mgrq)hofa£inaIexa 
oxide structure; and 
5 HO. 16 is an atomic force nucroscqpesurfeoe map 0^ 

layer ia the SiGeOI structure, after the 30 nunute HF:H202:CH3CX)OH (1:2:3) etch. 

DETAILED DESCRIPTION OF THE INVENTION 

In die. traditional me&od of forming etch stops in Si micromachining or in 

10 certain SOI processes^ good etch-stop results are only obtained at very high 

concentmtions of boron, and tiie dopant's effect on the silicon crystal structure becomes 
vitaUy important Substitution of a silicon atom site with boron, a smalls atom than 
silicon, contracts the silicon lattice. As the doped lattice remains coher^t with the 
lattice of tfie undoped substrate, a biaxial "lattice mismatch" stress is gen^ted in the 

15 plane of the ^strate. Hiis stress biaxially elongates, L^, elastically strains, the doped 
material in fhe same plane. As the base of a unit cell is stramed, so is the height via 
Poisson distortion. Thmfore, die Si:B lattice is vertically contracted as it is 
horizontally e3q>anded, leading to a smaller vertical lattice constant than the equilibrium 
value. For fliinliayeESofSi:B, it is ener^caUy favorable fo^ 

20 elastically strained like this, i.e., "pseudomorphic**. 

As the thickness of the dq)ed layo: grows, however, the total strain eaexgy per 
unit area of fihn increases proportionally, until the lay^ surpasses a "critical thickness" 
when it is en^etically &vorable to introduce dislocations uistead of elastically 
straining the fihn. Dislocation loops are heterogeneously nucleated at the film surfece 

25 or fifan edges and gmw larger, gHding towards the substtale-filminter&ce.^W 

loop meets the int^ace, tiie two »ids (now called "tfareadmg" dislocations because 
they traverse the tinckness of tiie film) continue to travel away &om eadi other, trailing 
a Ime defect at the mter&ce known as a "misfit" dislocation. The misfit dislocations 
accommodate the lattice-mismatdb stress, relieving the hcnizontal and voti cal strams 

30 and restoring the m-plane and p^endicular lattice constants ta tiie equiUbiium value, 
i.e., "relaxing" tiie material For a low-mismatched li^itly stramed epitaxial film on a 
diamond cubic or mcblende substrate, a mesh of orthogonal <1 1 0> misfit dislocations 
is the most likely configuration because of tiie { 1 1 1 }<1 10> easy slip system for these 
oystal structures at elevated traqperatures, such as those involved in division and most 

35 CVD processes. 
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At high eaougb quantities, the effects of any dissiinilar-sized 
substitiitianBlatomonthesiUccmixiicrost^^ Of 
course, fhe impact depends on the relative size and concmtration of the substitutional 
species. Also, incorporation of a brger atom 4ian silicon, e.g., germanium, would 
5 result in conq»ressive stress and strain ralh^ than a traisile situation like Si:B. 

In &e conventional etch stcq> process, extremely hig|i concentrations of boron 
are needed to achieve a high etch rate selectivity. These very hi^ boron 
concentrations lead to dislocation introduction m Ihe thick fifans that are desired in 
many MEMS applications. Since fiiep++ process is created usuaUythrougjbi a diffusion 

10 process, fliere is a gradient in dislocation d^tistty and a gradient in the boron 
concentration. Because the etdi stops m&e boron concradration gradient, 
part ^ically possesses large curvature^ which is compensated for by an annealing 
treatment In addition, the etch stop selectivity is extremely sensitive to fhe boron 
concratration. If die concrotration fidls below the critical TxlO^'cm'^, the selectivity is 

15 drastically different Thus, since this boron concentration is near die sohibility limit, 
dopant concentration fhii^ui^ons in die vertical and lateral diinensions produce low 
yields in MEMS processes. The SiGe etch stop breaks the link between dopant 
concentration and etch selectivity. Also, since the SiGe alloy is a miscible alloy 
system, there is continuons complete solubility between Si and Ge. 

2 0 The theory of anisotropic etching of silicon as described by Seidel et al., J. 

Electrochem. Soc. 137 , pp. 3626-31 (1990), incorporated herein by reference, is widely 
considered &e appropriate model. Although specifics like absolute etch rate and 
dissolution products may differ, the general concq)t is valid for all anisotropic etchants, 
as they are all aqueous alkaline solutions and the contribution of the etchant is modeled 

25 as nothing more specific dianHiO and 0H~. Indeed, the existing literature shows 
consistent bdiavior among the etchants. 

Early work on etch rate reduction in p++ Si:B presented no hypotheses beyond 
CTpirical data. Two possible esqtlanations for the etch-stop phenomenon were 
proposed: strong bondmg fiom the hig^ boron concentration or the formation of a 

3 0 boronrbased passivation layer. As reseacdi accunmlated, fhe ^ch-stop theories aligned 

along two cn^le a|»proaches. The electronic models assign etch-stop b^vior to the 
action of catriera while the passivation models dkectly attribute it to the formation of a 
passivating oxide^based layer on tibe silicon sur&ce. 

Othera c(mcluded fliat the etch-rate deopease is sensitive to hole concetxtiatian 
35 and not to atomic concraitrationofborQn or stress. They observed an etch rate drop 
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Hiat was {ttoportional to the fourth power of the increase Id boron concentratioKi 
beyoQd about 3x10^^ cm*3. Fourelectromaiej:equiiedbyai^-<>xetebingpn)oess 
fliey described, leadmg tfaem to expldin theetch-stqp effect in pff material as an 
in(a:eased im)bability ttat the electrons are lost to Auger lecdmbination because of Ihe 
5 hi^er hole concentrations. 

Sddeletal. agreed with the electron teconodbinationhy^ Theysawtfae 
etch rate begih to fell around 2-3x1 0^ ^ cm*3, which agrees with the doping level for 
the onset of degeneracy, 2.2x10^^ cm-S^ ^t degeneracy, the Fermi level drops rato the 
valetKse band and tiie band-biding is confined to a thickness on the order of one 

10 atomic lay^. The injected electrons needed for etching are able to tunnel through such 
a narrow potential well and recombine m the pff bulk crystal, which halts the etching 
reaction. The remnant etch rate m the etch-stop regune is attributed to th^ 
band electrons, whose quantity is inversely proportional to the hole» i.e. boron, 
conoentratiQn. Four electrons are required to etch one silicon atom, which explains the 

15 dqpendence of the remnant etch rate on the fourth power of tiie boron conceaotration. 
Jt was observed that die formation of an SiOx passivation layer <»i p4+ 

Si:B(2xl020cin-3) in aqueous KOH by in situ ellipsometric measurements. In the case 
of p"^ -Si, a large number of holes at die surface causes spontaneous passivation with a 
thin oxide-like layer. The lay^ is not completely networked like tihermal oxide, so it is 

2 0 etched faster and there is still transport of reactants and etch products across the layer, 

leading to some finite overall etch rate. The lattice strain induced by a high dopant 
concentration could enhance the layer's growth. Fuitheimorc, die etch rate redaction is 
not a Fermi-level effect since die phmomenon is exhibited by both heavily doped p- 
andn-silicon. 

25 Chen et a]., J. Electrochem. See. 142, p.l72 (1995), assimilated the observations 

and hypotheses above and dieir own findings into a conq)osite electrochemical model, 
where etch stoppmg is attributed to the euhancement of the oxide fihn growth rate 
under high carrier concentration. The key process is hole-driven oxidation at-the 
interface, which inhibits etching by competing with a reaction for Si-Si bonds and 

3 0 hydroxyl radicals, but more importantly, by building the SiO^ barrier. In p++ silicon, a 

sufficient quantity of holes for etch-stop behavior is siqoplied as the convecse of the 
electron action outlined by Seidel et al. That is, instead of electrons diermally escaping 
die potential well or tunnding through into the bulk crystal, boles fiom the bulk crystal 
tfamnaUyoverc(nne or tonnd through the potential barrier to Itwillbe 
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q)preciat6d that this etch-stop process is dynamic, Le., it is a contimious 
competition of silicon dissolution and fonnation/ dissolution of the oxide-like layer, 
vAiose net xesult is a nonzero etch rate. 

Gomanium is q^pealing as an etch-resistant additi^^ 
5 and p^ecdy miscible in, silicon and diffiises much less readily dian dopants and 
imqpfurities m silicon. Furthermore the epitaxy of sdlicon-gmnanium alloys is selective 
with respect to silicon oxide, ficilitating patterning and stmcturing, and even affords 
higher carrier mohihties to electronics monolitfdcaUy integrated with MEMS. 

Existing gennanium-based etch-stop ^sterns are, at bes^ only maigjnally 

10 ismtable for silicon nricromachinhig. In spite offhe aforementioned advantages to using 
gcsmanium, currently tfien is an inadequate undetstandihg of the etch-stop efifect in 
silicon-gemtaAium tinatfip^lg and no information on anisotropic etching of hi^ 
germanium content solid solutions. 

Many isotrtqyicetcbants for pure germanium exist Common to all of these is 

15 an oxidizer, such as HNQ3 or H2O2, and a cbmplexix^ agent to remove the oxide^ like 
HF or H3PO4. Earty studies were made on isotropic germanium etching solutions 
such as "Sc^eroxor, a commercially available H202-'HF recipe. More recently, 
investigations have been ooade on various combinations of HNO3, HN02» HP, H2SO4, 
H2S02>CH3COOH, H202» and H2O. 

20 In &ct, some of these compositions selectively etch germanium or silicon- 

germanium alloys over silicon, because of differraces in the relative oxidation or oxide 
dissolution rates, but only one etchant exhibits the inverse preference relevant to this 
project: 100% NH4OH at 75**C directly attacks polysilicon at 2.5 nm/hr but 
polygermanium at only 660 A/hr. Unfortunately, the selectivity is only about 37, the 

25 etch rate for siUoon is impracticably slow^ and the ^ic^ is i^ 
usefidness in microThachhimg. 

Previous results widi heavy concwtrations of germanium in silicon are likewise 
discouraging with respect to silicon micromachming. Shang et al., J. Electrochem. See. 
141, p. 507 (1994), incorporated herein by refatnce, obtained a selectivity of 6 for 

3 0 relaxed, dislocated Sio,7Geo.3:B (10*^ cmr^) in a KOH-pn)panol-K2Cr207 aqueous 
sotation. Yi et aL, Mat Res. Soc. Symp. Proc. 3779, p. 91 (1»5), developed a novel 
NH4NO3-NH4OH etchant with selectivities bett» than 1000 at 70''C for 10% and 
higher germanium alloys. The mixture does not etch pure germanium, but etches pure 
silicon at 5.67 }xm/br, a weak pace for micromachining purposes. Botib systems are 

35 isotropic. 
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By holding the Sio.7Geo.3:B iShn under flie critical thickness, Shang's team 
improved fhe selectivity in the same KOH-pro{>anol-K2Q207 solution to aboat 40. 
Narozny et al., lEEB lEDM (1988) 563, were the Grst to nse such a "strain-selective" 

recipe, but only realized a selectivity of 20 (for 30% gennanium doped with 10^^ cof^ 
5 boron) and a, sluggish ^h rate of 1.5 fim/hr at room tmiperature for pure silicon.^ 
Although die results of Shang et al. and Naiozny et al. might have simply been from the 
well-established etch-stop ability of boron, Godbey et aL, Appl. Phys. Lett. 56, p. 374 
(1990), achieved a selectivity of 17 with undoped Sio.7Geo,3. None of the articles on 
strain-selective etchants offer an e3q)lanation for tiie selectivity. 

10 The anemic etch rate is a grave disadvantage because many MEMS structures 

can be fairly large compared to typical VLSI dimensions. Moreover, MEMS structures 
subjected to strain-selective etchants would have to be thinner than the critical 
thickness. However, as a pseudomoiphic structure is released and its strain relieved, 
the selectivity would deteriorate. A sacrificial strained etch-stop layer could be used, 

15 imposing additional process steps and design constraints, but would at least provide 
advantages over current oxide/ nitride sacrificial layafs: monocrystallinity^ can continue 
above the layer and silicon-gecmanium's growth selectivity widi respect to oxide adds 
design/ patterning fieedom. 

The consensus of the research community has bem that low concentrations of 

2 0 germanium Imve little or no effect on etch stopping in anis otrc^ic etchants lite KOH 

andEDP. Up to 12% germanium, Seidel et al detected no significant suppression of 
etchrate. p++ layers straiiH^ompeDsatedwidi 2% geonamum showed no rono^^ 
differences from tiiose without gennanium. By hopplanting gmnanium, Feij6o et al., J. 
Electrochem. Spc. 139, pp. 23 12-13 (1992), attained a maximum selectivity of 12 to 24 

25 m EDP at 80^C, corresponding to a dose with apeak concoitration of about 0.6%. 

Finne et al., J. Electrodi^. Soc. 1 14, p.969 (1967), howev^, observed that 
Sil-xOex solid sohiticms with x as small as O.OS did not ^ch in •an etfaylenediamine- 
pyrocatediol-waterOBPW) solution. This discrqmncy may be attributed to the use of 
{111} waf^ vfhm accurate measurements are difficult because ^hing in the <1 1 1> 

30 direction is very slow. No other iiifimnafion has been reported on gennanium-rich 
alloys in anisotropic media 

Cknre^nding to die ostensible meffectiveness of germanium as an etchrstop 
agent in most publications, there has been littie discussion of the source of the lunited 
selectivity that has been d^ected. Seidel et al. cautioned that tiidr model for heavily- 

3 5 doped boron etch stops is not applicable to germanium because the element is 
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isoelecttonic to silicon. Th^assomed imteadfhatthesmaUiedactionoflheetdi 
late is eitha doe to changes in the energy band structure, or else a consequfiace of Ifae 
extrranely hi^ concentration of lattice dejE^ 
act as lecoooibinatim csttors. 
5 Hie inventioii provides a SiGe monocrystalline etch-stop material system on a 

monocrystalline silicon substrate. The eteh-stq) matmal system can vary in exact 
composition, but is a doped or nndoped Sii.xGex alloy with x generally between 0.2 and 
0.5. Across its thickness, die eteh-^p material itself is imifoim Theetdi 
stop is used for micromachimng by aqueous anisotropic etchants of silicon such as 

10 potasshmi hydroxide, sodium hydroxide, lidunm hydroxide, eChylenediamine^ 
pyiocatechol/ pyrazine (EDP), TMAH, and hydrazine. For exaniple, a candlev^ can be 
made of this etch-stop material system, torn released fiom its substrate and surrounding 
material, i.e., ^Wcromaduned", by exposure to one of these etehants. These sohittons 
generally etch any silicon containing less than 7x10^' cm"^ of boron or iindoped Si^xGe, 

15 aUoys with X less than appoximately 18. 

'Dius, it has be^n determined diat alloying silicon wi& moderate concentrations 
of germanimh leads to excellent eteh selectivities, i.e., differences in etch rate versus 
pure undoped silicon. This is attributed to fte change in energy band structure by the 
addition of germanium. Furthermore, the nondegenerate doping in the Sii.xG^ alloy 

2 0 should not affect the etoh-stop behavior. 

The eteh-stop of the invention inchides the use of a graded-composition buffer 
between the silicon substrate and the SiGe etch-stop material Nominally, the buffer 
has a linearly*changing composition witii respect to thickness, from pure silicon at th^e 
substrate/ buffer inter&ce to a composition of germanium, and dopant if also preset, at 

25 die buffer/ eteh-stop inter&ce which can still be etched at an ^reciable rate. Here, 
there is a strat^c jump in germanium and concentration from die buffer side of die 
inter&ce to the etoh-stop material, such that the etoh-stop layer is consid^^Iy more 
resistant to the etohant. For example, the buffer could grade up to Sio.ssGeo.i5> then 
jump to a uniform etoh-stop layer of Sio.7Geoj. Nominally, the conqiosition gradient in 

30 die buffer is 540% Ge/micron, and the juii^ in Geconc^ S-15 relative 

atomic percent Ge. The buffer and etoh-stop materials are deposited epitaxially on a 
standard siUcon substmte, such as by chemical vapor deposition (CVD) or molecular 
beam epitaxy (MBE). Note in the above example diat the gmoanium concentration 
leads to etch stop behavior, and therefore doping concentrations in the eteh stop can be 

3 5 varied independently, without affecting etch selectivity. 



wo 01/99169 PCTAJSOl/19613 

10 

With respect to Hie efifect of cr^talline defects on the etch-stop 

bebavior, in accordance wiHi die invention using SiuxCScx alloys, die inibenoe of 
defects is minimal. The nse of a graded buffer siqp»sses the thi^^ 
density CTDD) in the top etch-stop layer, vduch leads to a unifonn, nearly defect-free 
5 Sii-xGeK etch stop. 

The significance of ttie junq) inc(»ic«ttation(s) at the «d of die graded region is 
diattbepartmustbeMneildefinedanddhnensionswdlcontro Thiis^ahighselectivity 
should ^dst betvurem the top etch-stqp layer and the end of the graded region for abnq)^ 
predictable etch-stop behavior. Asmoodi cQ]iqK>sitional transition froimbufi^ 
1 0 layer would lead to carved edges and greater dimensional variability in Ihe micromachined 
part, whereas conipositional jumps would yield clean, sharp edges and precise dtmeaosions 
m the released structure. However, if the jump is too large, e.g., greater ibm -20-25 
atomic% Ge, the c(»responding change in lattice constant, Le., the lattice mismatch, would 
create defects. 

15 The Sii-xGcx etch-stop material systein, which can be substituted for heavily 

boron-diffiised layers, broadens the spectrum of available etch-stop materials, including 
undoped (isoelectronic) matraals, thus improving the design flexibility for 
micromachined structures. For exan[q>le, standard mic^maduning processes liimt the 
dimensions of silicon sensor structures to a single uniform thickness. Resonant devices 

2 0 for inertial sensing would benefit considerably fiom more flexible design in which the 

resonators are diinner than the seismic mass. The invention provides an enabling 
technology for such a multi-thickness structure. Such a fundamental advantage makes 
die novel technology mdely applicable to the &brication of MEMS by silicon 
micromachining. 

25 A tremendously significant application is die ability to integrate mechanical and 

electronic devices on the same material. Rq)lacement of the heavily boron-^oped etch 
stop, which is incompatible with integrated drcuit QC) requirements, by isoelectronic 
and/or moderately-doped etch stops of device quality allows concurrent processing of 
mechanical devices and associated electronics on the same wafer. Germanium is 

3 0 perfectly tniscible in silicon and difiuses much less readily than dopants and inipurities. 

Alloying with germanium also affords higha: carrier mobilities to the electronic 
devices. 

Furthermore, epita:^ of Sii-xGe^ alloys is selective withreq)ective to silicon 
oxid^ which &cilitates pattmung and structuring, hi addition, defects do not seom to 
35 affect die etdi-stopefGcacy of these materials. 
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In developing the germanium-based etch stops of the inv^tion, standard 3" or 
4" phosphorous-doped (2-4 Qcm) or boron-doped (7-10.2 Qcm) (001) silicon substrates 
were used. The wafers were cleaned for 10 minutes in apiranha bath (3:1 95%H2S04in 
waten30%H2O2mwater)andI0secQndsin4.4%HFandDIwater. The substrates were 

5 then left in the load lock (-^10^^ Ton) of the v^cal XJHVCVD reactxn: oveaA0it On the 
following day, ttie substrates were raised to the lip of tiie reactor dumber for about two 
hours to drive off any volatOes, (ngamcs, and water. Then the wafers were desoibed of 
whatev^ oxide remained by raising Ib&ak into flie 8S0-900°C reactor chamber for several 
minutes. A siUconbuff<^hyer on Reorder of 1 was deposited with SiH4^;f^ 
10 reactor was brougjht to process temp^ature. Following this preparation procedure each 
time, the epitaxial structures w^ grown in d\e t^npeiratuie range 7SO-900^C using SiH4, 

GeH4, 1% B2H6 in H2, and 1% PH3 in H2. 

KOH and EDP were used in the etching. KOH is a commonly studied etdiant, 
the simplest and easiest to consider, and relatively easy and safe to use. Although 

15 details of absolute etch rate diffi^, varibtis anisotropic silicon etchants have behaved 
consistent^. Seidel et al;'i5 Well-subscribed theory of aioisotropic etching is explicitly 
etchant-nonspecific. Results, discussions, and conclusions regarding anisotropic 
etchmg and eteh-stopping of silicon are widely considered to be valid for any 
anisotropic etchant Cylindrical etdnng and patterned oxide masks were botii used to 

2 0 determine the efficacy of Ge concentration on etch rate. 

To test the utility of the relaxed epitaxial SiGe etch st<^s, epitaxial structures 
were fehricated: WU_2, WUJ, WUJ, and UHVJ7 as shown in FIGs. 1 A-ID. FIG. 
1 A is a functional block digram of an epitaxial SiOe etch stop structure 100 (WU_2) 
configured on a silicon substrate 102. The structure includes a plurality of relaxed 

25 gjcaded lay^ 104 that vary fiom Sio5gGeo.o2» SxlO^^cm"^ B at the substrate sm&ce, to 
the top sur6ce li^er of Sio,74GeDj6» lO^^cm*^ P. The thickness of each htyer are 
provided in lint 

FIG. 16 is a functional block diagram of an qntaxial SiGe etch stop stmcture 
110 (WlJj3) configured on a siUcon substrate 112. The structure includes a plurality of 
30 relaxed graded layers 1 14 that vary fiom 810.996^.01 at the substrate sur&ce, to the top 
surface layer of Sioj4Geai6- 

FIG. IC is a fimctional block diagram ofanq>itaxial SiGe etch stop structure 
120 (WIL4) configured on a silicon substrate 122. The stmcture inchides a relaxed 
graded layer 124 of Sio.66Gea34- 
35 FIG. ID is a functional block diagram of an epitaxial SiGe etch stop structure 
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130 (WIM) configured cm a silicon substrate 132. Ibe structure includes a 

ptatality of relaxed graded layers 134 &at vary from Sio^Geo^a, 3x10^ B at the 
substrate sur&ce, to the top surface layer of Sio^Geo34> 4xl0^^cm'^ B. 

The compositional grading is known to considerably relax the sup^cial ^itaxial 
5 layer while efifectivefy siq[)pressmg the TDD. The slow grading rate and gmerous 
thidmessoftiieseqnstrttctares assure a weU-relax^ Tbos, the graded buffer 

eaiables etching experhnents on relaxed, hi^ quality, hi^ germanium contmt alloys, an 
etching regime that has never been accessible before; As discussed heretofore, prior 
research dealt with pseudomorphic Sil-xGex layers or low conceaatrations of gmnanium to 

10 minimize dislocations, or heavy germanium alloys saturated with threading dislocations. 
Hence, tiie grading technique permits one to use the intrinsic etch-stop properties of Sii. 
xGex solid solutions. 

Based on the approximate volume of a cross-sectionai TEM sample, a single 
threading dislocation in a TEM sample represents a TDD of about 10^ cm-2. FIG. 2 is a 

15 crpss-sectional TEM micrograph of structure 1 10 (WU_3). The top surfece is in the 
upper right direction. The parallel lines (misfit dislocations) define the graded buflGsr. 
No threading dislocations can be found, wUchconfinxis high crystalline quahty. The 
bhured v^cal bands are ''boid contours", an arti&ct of TEM, not threading 
dislocations.^ 

2 0 The absence of threading dislocations in FIG. 2 confirms that structures 1 1 0 

(WU_2), 120 (WU_3), and 130 (UHV^IT), which were processed in virtually identical 
&shion, contain very few defects. TDDs in such relaxed, graded structures have been 
shown to be in the range of 10^-10^ cnr^. By omitting the graded buff^, structure 120 
(WU4) was intentionally processed to be significantly imp^ect, as v^ified by FIG. 

25 3. FIG. 3 is a cross-sectional TEM microgrs^h of structure 120 (WU4). The top 
sur&ceistotheright. In contnust to FIG. 2, tiiisfihn is saturated with threading 
dislocations, which confirms poor crystallme quality. The misfit dislocations m all four 
of these sanq^les are buried uiid^ such a thick overlayer that they cannot possibly affect 
etching fi:om the top sur&ce. 

30 Dopant concentrations of structures 100 (WU2) and 130 (UHV^IT) are shown 

in the graphs of FIGs. 4 and S respectively. The dcpant concentrations wm calculated 
fiom the mobiUtiesofpuresiUcon and pure g^miamum, as indicated. Smce structure 
130 (UHV_17) contains 30% g^anium, the true horm content lies somewhm m 
between, cloier to the pure silicon line. Regardless, it is clear that ttie boron doping 

3 5 does not approach the levels needed for etch stopping. Structure 130 was doped p-type 
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to investigate potential interactions or synergies wAi gennaninm that were 
suppressed in stiucture 100 by intmtional background n-doping. 

The characteristics of diese mat^tials (top layer) diat are relevant to etching are 
smnmarized in fbe following table. 



sample avg %Ge (EDX) doping [on ^] defect density 



WU.2 26 10"P(SIMS) Low 

WUls 17 None Low 

WUjt 34 None Higji 

UHV 17 30 4xlO^*B(SRP) Low 



Structure 1 00 (WUL2) was used to identify die critical gmnanium 
concoitralion by q^drically etching and to obtain etdi rate values by etching fit>m 
die top sur&ce. 

Tlie cylindrical etch results of structure 100 (WU.2X as shown in die grq>h of 

1 0 FIG. 6A, conJBnn the etch-stop behavior of g^manium and narrowed die threshold 
germanium concoitiation to the range of 16-22%. It was ^Dsured that there wea:e no 
effects firbin'bbicin by ddi^ ThetemuMssohdiele^^^ 
defined by die n)uiid d6ts» i^resdniti^^ The left scale 

reflects the dqsdi of each layer while die right scale relates die nominal germanium 

15 concentration of each lay». The arc is the initial groove surfeoe, and die square dots 
trace fhe etched sui&ce. 

FIG. 6B is amagnification of the left side of FIG. 6A. It is clearthat die etch 
rate increases dramatically somei^ere around 18-20% germanium/ suggesting diat die 
critical germanium conc^itmtion is in that vicinity. 

2 0 The cylindrical etch results of stracture 130 (UHV_17)i as shown in flie graph 

of FIG. 7, show die etoh accelerating dnunatically around 4.8-5 (im depth. The S% 
Ge/|xm grading rate reasonably assures that die direshold germanium concentration is 
near 20% germanium. Theprofilesofeach side oftiie groove are shown. The lower 
bar marks wiere die profile begicis to deviate fiom fhe mitial grooved shq)e. The dqpdi 

25 ofthis point appears to be 4.8-5.0 fim below the top sur&ce. 

The results of die etch rate tests using oxide windows are presented in the 
following table. 

wafer at% Ge concentration Ge [cm'^] etch rate lixm/bt] 

WU2 216 1.28x10" ' 0.070 

WUJ 16.9 8.45x10^^ 0234 

WUjt 34.0 1.70x10^ 0.040 

UHV 17 30.0 1.50x10^ 0.133 
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llie etch rate for <10(>mtnnsic sifio(niinM%KOHat 6Q^Cwastd£eQias 
lg29^iii/brfiomSeidele^aiL The e3i|imini»ital data f(Mrsl^^ 
(VVXJ_3), 120 (WUjt), and 130(0^^ N(M3iializedby 
18^9 likey are plotted in the graph of FIG. 8 along with Sddel et al.'s points. 
5 Some features in FIG. 8 should be emphasized. First, there was appreciably 

greater variability, both rxp and down, in the individoal etch rates of '"goocF* structure 
120 (WU_4) pieces than oftheotfa^ good samples, hence the error bar. Acomparison 
of all the data supports the belief that the considerable sur&ce roughness of structure 
120 (WUj4), fiom lattice-mismatdi stress and die high TDD, is probably to blame. 

1 0 Thus, the graded layer has diready proven its efficacy since the graded layer samples 
did not display this problon. 

The shape of the new curve veay closely reseinbles Haat of HDP-boron curve, 
adding confidence in the new data as well as implying the existence of a universal etch- 
stop model. In addition, KOH, a more environmentally friendly etch stop than EDP, 

1 5 appears to be a better etch stop with SiOe alloy than EDP witfi the conventional p++ 
etch stop. 

Despite the popular sentiment in tiie hterature, it is indisputable Hist silicon- 
germanium alloys widi sufBcient germanium are excq)tional etch stops that ri^ the 
most heavily boron-dc^ed materials. Three differ^ etching techniques and two 
2 0 etchant systems, KOH and EDP, conchisively show this. The intersection of the steep 
portion of the KOH-gerawnium curve with unity relative etch rate, the so-called 
"critical concentration" as defined by Seidel et al., ^ears to be 2x10^^ cm-^, i.e., 4%, 
for geraianium. Althou^ this vatae is about 100 times greater than their "critical 
concentration" for boron, higjier selectivities can theoretically be attained witii 

2 5 g^manium because th^e are nei1h» solid solubility nor electrical activity limits. 

The substantial selectivities obtained fiom the well-relaxed, low-defect 8anq)le 
stractures 100 (WUJ2), 110 (WU_3), and 130 (UHV J7) indicate that strain, induced 
by defects or dissimilar atomic radii, is not principally req)onsibl6 for etch-stop 
behavior. 

3 0 Defects do not play a central role in etch resistance. The excellent results from 

WIL2, WUJ, and UHV_17, relaxed matwials with low TDDs, controvert tiie 
speculation fliat lattice defects serving as recombination centei^ cause the etch stop 
behavior with germanium or isoelectronic additives, respectively. Furthermore, a 
comparison of the etch rate of structure 120 (WIM) to &6 KOH- germanium trendline 
35 indicates that ev^ a high TDD does not influence etch stopping dramatically (if at all). 
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nor in a predictable fashian. 

Hie immediately attractive explanation for germamnm*s newfound etch-stqp 
potency in silicon is the mechanism outlined by R. Leancu, Sensors and Actuators, A 
46-47 (1995) 35-37, incorporated hrarein by reference . For 1 S-30% germanium, it 
5 seems more logical to interpolate fiom Ibe bulk properties of pure germanium than to 
postulate only how geimanium influences the properties of otherwise pore silicon. 
That is, one should give the germanium atom just as much oedit as the silicon atom, 
sdnceitisnolongeradqpantybutra&eranaUoyingspedesintiietr^ Thus, 
ttie silicon-germanhmi alloys in question should show a palpable mfluence fiom the 
10 etdung characteristics of pure g^manium, which include a slow rate in KOH. 

Keeping tiiis simple chemistry approach in mind, a completely miscible binary 
system like silicon-germanium would display a Imear depoadeoce of etdirate versus alloy 
composition. Even without etdi rate data at high germanium concentratims, including 
pure gemianium, FIG. 8 plainly illustrates that such is not the case. Along the same lines, 
15 it is unclear why there would be some critical concentration of germanium for an etcb-st(^ 
effect if the etch rate is simply a consequence of chemical structure, i.e., the proportion of 
each element In fact, a nonlinear plot and a critical concentration imply that the etch rate 
is a function of energy band structure rather tiian chemical stmcture. 

On a related note, FIG. 8 shows tiiat the germanium-KOH curve is remarkably 

2 0 similar in shape, but not necessarily slope, to the boron-EDP curve, whidi ascribes its 

shape to tiie electronic etch-stqp tibeoiy. It is difiScult to imagine that the gamanhim- 
KOH data would just happen to resemble the boron-EDP data, based on a coni^letely 
different model that warns of no applicability to germanium. That is, it is highly 
inqxtobable that the true etch-stop medianism for gennanium is entirely unrelated to the 
25 tme mechanism for boron when the shapes agree so well. 

There are reasons to consider an energy band model to account for the etch-stop 
bdiavior in silicon-germanium solid solutions. Firsts the Sii-xGex data resemble the 
p4-f Si:B data, including die oitical concentration and power-law depootdence of flie 
remnant etch rate, and the p^H-SiiB data is explained weU by eneigyt^ At 

3 0 tiiese quantities, germaiiium is known to iriarfcedly change the band structure of silicon. 

Furtbmnore, two possible mechaoisms for the etdi stop effect of germanium were 
defects and energy bands: Defect enhanced recombination can be eliminated due to our 
graded layor approach. Energy band stracture is the only other possibility. 
Pure bulk germaDium has an energy bandgq>. Eg, of 0.66 eV at room 
35 tempoature, compared to 1.12eV for pure bulk silicon. Henc^ Ae addition of 
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gennamum to silicon reduces the bandgap: unstrained Sio.7Geo.3, the 

situation for sanoples WU_3, WUji, and UHV J7, has an energy gap of 

qpproximajtely L04eV. Gennantoindso has a smaller electonafiBnity,^ 

4.00eV versus 4.0SeV. Ihns, the incorporatian of germanium decreases Ihe electron 

5 afSnityas welL As germanium is added, the shrinlring bandgq) and electron afSnity 

reduce the band-bending» die potratial well in the conduction band, and the potootial 

barrier in the valence band. 

The height of the potential barrier in the valence band, b, is given by: 

b^(X-d)^E, [1] 

10 for a generic intrinsic semiconductor, where d is the distance of the Fermi level from E=0, 
die reference vacuumlevel. Itisunderstoodthat die bandgap of Sii-x^^ does not change 
perfectly linearly witii gennaniuni concentration, but it is not known how elects 
decreases with increasing germanium content Nevolheless, if the two functions are 
approximated as linear, tiien b is also roug^y lineady dq[)endent on germanium 

15 concentration. 

Adding gennaniumi to mtrinisic siUcon-^^^ 
electrons and holes, ni and pi, respective^, via the decreasing bandgap: 



«,=A=(^cA^v)'exi|-^j [2] 



where Nc and Nv are die effective densily of states in the conduction and valence 
2 0 bands, respectively, k is Boltzmann's constant, and T is tenq)erature. To simplify the 
description, Nq and Ny will be assumed to be constant and equal to. tiie values for pure 
silicon. Again, if Eg's dependence on gennanimn concentration is considered linear, 
tiien pi is e)q>bnentiaUy related to gCToanium concentration. 

Hie increased pi increases the passivation reaction. R>r die intrinsic situation, it 
25 is assunieddiat die well/barrier is not shaip enough to aUow tunneling. TUsis 

especially true for Sii-xGex, with die shallower barrier. Furdiennore, die inversion 
layer at the surface is n-type. Then the supply of holes to the passivation reaction is h, 
the amount of holes from the bulk that ov^come die potential barrier tbennally. Thus, 
h is a Boltzmann activated process: 
30 A=p{exp(-MKO [3] 



Since pi is exponentially depend^t on ^rmamnm content while b is linearly 
related, h is ovoall exponentially related to germanium concentration. This can easily 
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be seen by substituting expressions [1] and [2] into [3], yielding: 



h-iNJfJc4^^^~^ [4] 

where Eg and % are linearly depend^t on germaniuni content If a critical hole 
concentration exists for interrupting the etch process, then a critical gennanium 
concmtration will be observed. 

The potential barrier in the valence band increases as the Fermi level moves 
closer to the valence band, but the hole conceatration is significantly increased by p- 
doping. In fact, the two effects exactly ofEset each otiier. In tiie extrinsic case, the 
equilibrium hole concentration, p, is defined as: 



10 p^^i^ 



2 ' 



[5] 



Eg/2-EF is precisely the change in b when the material is doped. Then, when expression 
[5] is substituted for pi in equation [3], B/l-Ep exactiy cancels the change in b in 
expression [3]. Thus, with nondegenerate doping, die vahie of h never changes from: 

15 whm bj is the height of the bani^ m the intrinsic material. Tims, a great advantage of 
the SiGe etch stop is tiiat the etdi selectivity depmis only on Oe concentration. 

Test structures of structure 110 (WU_3X conq>letely undoped msterial, were 
&bricated and probed The structure 1 10 (WITS) didnot provide the 'hardest' etch 
stop available with SiGe alloys because tiie germanium concenttation (15-17%) was 

20 nearlhecdncentcation when etch stop selectivity Starts to decrease. The results were 
veacy promising as shown in FIG. 9. FIG.9isaphotographofatopview of a 
miciomachined proof mass 900. Even at these low Ge concentrations, etched paits like 
the proofmass in FIG. 9 are possible. Higher Ge concentrations in die uniform layer ( 
30%) result in ^ctremely hard etch stops, with selectivities approachmg 1000:1. 

25 It is aiqparent fiDin cylindrical and top sur£au:e etching with EDP and KOH and 

actual stmctures micromachined in EDP that relaxed sifiooiHgermanium alloys with 
su£5cient gennanium are excq>tional etch stops. Selectivities as high as 1000, 
corre^nding to 34% germanium, have been obtained in KOH for the <100> direction. 
Neitber strain nor defects are responsible for tiiese results. Hig^ defect density does 

3 0 not influence tiie etch rate of SiuxGeix dramatically. A plot of relative etch rate versus 
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gennamum concenfrattan follows Oie same shape as pH- Si:B data, incliuUng a 
mticd (xmcmtiaAmdaadh^ Thertchstop 
bdiavior in relaxed SiGe alloys is cotrelated to changes in band stractoiey which are 
solely connected to Ge concentration. 
5 The extremely high etch selectivities achieved with the SiGe etch sUxjfp matmal 

system of the invention have immediate s^Ucations in forming s^conductor/oxide 
structures. One method offonning silicon on insulator is to bond a Si wafer to another 
Si wafer that is coated with silicon dioxide. Ifoneofdie wafers is thinned, flien a tibin 
layer of Si on silicon dioxide/Si is oeated. Sudi structure are use&l ia low power 

1 0 electronics and high speed dectronics since die Si active layer is isolated fiom a bulk Si 
substrate via the silicon dioxide layor. 

The main disadvantage of tbisproc^ isthe difficohy intbiming one side of 
die silicon substcate^ilicon dioxide-silicon substrate sandwich. In order to have high 
reproducibility and high yield, the entire wafer must be tfunued-unifonnly and vecy 

15 accurately. Buried ^distpps have been used with little success. Even buried 

iayta:s of strained SiGe tiave bera used, but as mentioned earlier these etch demonstrate 
etch selectivities «1 00, and dxerefore are not sufiSdent 

The relaxed SiGe alloys of the invention are ideally suited for this type of etch 
stop. By bonding a stmcture 1000 of a graded SiGe lay^ 1004 and a uniform 

2 0 composition layer 1006 on a silicon wafer 1002 to a structure 1008 having a silicon 

wa£^ 1010 coated with silicon dioxide 1012, the etch-stop of the invention can be used 
to create a very uniform relaxed SiGe alloy on silicon dioxide, which in turn is on a 
silicon wafer. This process is shown schematically in FIG. 10. • 

Once the structures are bonded through, for example, annealing, the silicon 
25 substrate 1002 and graded layer 1004 are selectively etched away. The finished 

structure 1014 is a SiGe-oihinsulator substrate. It will be qjpreciated that die stracture 
1008 can also be a bulk insulating material, such as glass or a glass ceramic. 

An entire new materials system from which to make highly efifective etch stops 
has been developed The new system offes many advantages over current 

3 0 technologies. Gemianium is isoelectronic to and perfecdy soluble in silicon, and hardly 

diSuses in it. The deposition of silicon-germanium is selective with respect to oxide. 
Defects do not weaken the etch-stop efScacy. The etch-stop material can be 
conQiletely undoped, and according to the proposed band structure model, 
nondegenerate doping does not influence the etch-stop behavior. This affords 
3 5 incredible utility and design flexibility, especially to integration widi microelectronics. 
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To tibis end, gennanium would even afford higto carrier mobilities. 

In fict, this etch stop system can easily be used to integrate various strained Si 
electronics on relaxed SiGe on any desired substrate (eg, nisulating or semiconductor 
substrates), where one sudi system is SiOe on insulator (SiGeOI). Mote details of this 
5 procedure are provided in &efoUowingd6Scriptioii. 

The main appto^dhes for tte fihrication of SCTiconductors on insulator are 
sq)aration-by*iinplanted-oxygen (SIMOX) and wafer bonding (followed by etch-back or 
Smart-<:hit). SIMOX involves implantation by oxygen followed by a high ten^etature 
anneal, and hence is attractive due to its apparent simplidty* This technique has shown 

10 some success for low Ge compositions, but for higher Ge fiactious, in particular for 
SiosGeoj, the buried oxide structure was not demonstrated, due to the fliermodynamic 
mstBbilityofSii^GexQ2. Sinqily stated, Ge is not incorporated into the oxide, due to the 
volatile nature of Ge02, and thraiefore for high Ge fiactions, tbm are insufficioit Si ztom 
to form a stable oxide. On &e ofoer hand, the bonding technique, which involves the 

1 5 bonding of a SiGe wafer to an oxidized handle wafer followed by the removal of excess 
material, can be applied to any fiaction, without the problem of an unstable oxide. In 
addition, the procediuie is general, one can create SiGe on any desired substrate, including 
any insulating wafer. 

The process flow for the bond/etch-back SiGeOI &brication technique is shown 

20 schematically in FIGs. I lA-llF. The process is separated into growth: (a) UHVCVD 
growth of relaxed SiGe graded buffer followed by CMP, (b) re-growth of strained Si 
(8-Si) and SiGe bonding layer, and bond/etcb-back steps: (c) waf^ bonding to 
insulating substrate, {S) backside grinding, (e) Si etch stopping in the graded layer, (f) 
SiGe etch stopping on the strained Si. 

2 5 During the first growdi, a relaxed 2.5 |un compositionally graded SiGe buffor 

1 102, capped with 2 fmi of SiojjGeo^ was dq)osited onto a Si substrate 1 100 at 900^C 
using a UHVCVD reactor. The graded buffo miniinizesflireading dislocations and 
aisures that nusfit are only present in Ihe graded layers and not in ^ 
composition cap, but &ese underlying misfits still gen^e strain fields which cause the 

30 fornia!ionofsur£u:eax>ss-haich during growth. To elinmate this sur&ce roughness, 
whidi would hinder wafer bonding, the wafer vtras polished (using diesnical- 
mechanical polishing, CMP) until the oross-hatch was no longa visible using 
Nomarsky microscopy. 

Next a strained Si structure 1104, consisting of 12 mn of strained Si, followed 

35 by a hyet 1 106 of 150 nm of SibjsGeo^s, was grown at 650**C via UHVCVD onto the 
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polished SiGe wafers. Tlie low growtli tempoatuie ensurra mi^^ 
exchange and inter-difCusion, and hence guarantees a sharp inter&ce betwem the Si 
and SiGe layers. Tlie strained Si layer acts as an etch stop during 1^ 
and depoiding on the thickness requir^ent and surfiace roughness constcamt for the 
5 strained Si channel, may possibly also be used as aMOSFET device channel. 

The SiGe wafer was then bonded to a thennalfy oxidized Si waf» 1 1 08, with an 
oxide layer 1110 thickness of 200 nm. To ensure adequate bonding, a hydrophobic pre- 
bonding clean was performed on the wafers. The standardRCA clean cannot be eiiq)lGyed 
for I3m purpose since the SCI bath etches Oe and hence roughens the SiOe sur&ce. 

10 Instead, a piranha clean (10 minutes) followed by a 50:1 HP dip (30 seconds) was used, 
which leaves the sur&ce hydrophobic. Such a clean was found to lead to strong bondiiig 
^lanhydropluUc cleans, after subsequent amiealingaftmo^^^ Laaddition, 
the wafers must also be bonded in an ultra-clean environment to oisure no intrinsic voids 
(as shown in the IR image in FIG. 12A) due to particles at the wafer inter&ces. 

15 The wafer pair was annealed for 2 hours at 800°C in a nitrogen ambient Hie 

moderate temperature ensures strong bonding, but is low enough to minimize the 
difiGjsion of Ge into the strained Si layer. In addition, the 2 hour axmeal at this 
t^nperature allows the intrinsic hydrog^ voids formed during initial annealing to 
difiuse. The resulting pair was found to be void free using infrared imaging, and the 

20 fiacture surface energy deduced with the Maszara razor test technique (FIG. 13B) was 
3.7 ]hr? (which is similar to the surfece fracture energy found for Si to oxide bonding), 
dmonstrating that the bonding is indeed strong raough to undergo further material 
processii^ without die risk of delamination. 

After bonding the wafi^, die pair was coated with nitride to protect the 

2 5 backside of the handle wafer during etching. The badkside of the SiGe wafer was th^ 

ground as at 1112, removing {^proximately 450 ^m, and a first etch as at 1114 was 
performed orii the wafers to remove die remaining Si from the SiGe wafers. Any etch 
whidi attacks Si and not SiGe can be used {eg, KOH, TMAH). For exansple, a KOH 
mixture (30% KOH by weight in wat^) at SQ^'C, with an etdiing time of 2 hours can be 

3 0 employed to r^ove the backside Si from die SiGe wafer. KOH etches do not 

significandy attack relaxed Sii-xGcx with Ge conqpositions of loi^y 20% or hi^ier, 
and hcaice stop nearihe top oftfae grade m our buffers. Note here that unlike pure Si, 
or stramed SiGe based structures, die relaxed SiGe layer provides a natural etdi stop, 
thus alleviating the need for a p^ stop layer. This flexibility of doping as an 
3 5 ittdq>C3idrat variable with respect to ^h-stop cqmbility is important in designmg 
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device layers for differeat ^licattoos. For example^ layers are not desired in 
RF ai^lications. 

The next etdi 1116 was mployed to remove the remaining SiG^ and stop on 
the strained Si layer 1104; The active ingredient of this etch consists of any Ge 
5 oxidizing Bgsat (eg, H2Q2» HNQ3, low temperature wet oxidationX condnned wilh an 
oxide stripping agent {eg, BF): For cxmp\c, a low tenq)er8ture (6S0*'C>-7S0 ""C) wet 
oxidation has be» found to oxidize Side at nmdi f ast^ rates ftan Si, as shown in FIG . 
13; for a 1 hour oxidation at TOO'^C. Sio.isGeo^ oxidizes at a rate of 2.5 ntn/^^ 
whereas Si has an oxidation rate of ronghlyl(X) times stnalte In combination with a 

10 subsequent HF dip, ttie above oxidatioa can be used to remove very thin layers of SiGe, 
while stopping on Si. 

A ch^cal alternative to the above, is a sohition of HF*ja202:C9l3COOH (1:2:3), 
with an etch time of approximately 30 minutes (in the case when ttie Si etch stops near ibe 
20% Ge region). This has been shown to etch SiGe preferentially, widi a very high 

15 selectivity; in particular, for relaxed Sio.TsGeo^ versus Si, the selectivity is roughly 300. 
For demonstration purposes, a test sample consisting of 400 nm relaxed Sio.75Geo;25 on 12 
mn strained Si was partially masked and the etch dspfk versus tuxie was measured using a 
profilometer. The results in FIG. 14 clearly show the high selectivity, in addition to the 
relatively fest etch rate of the Sio.75Geo.25 surfece layer. An important obsCTvation is that 

20 the sohition was found to etch dislocation tiu^ads on the strained Si stop layer 
preferentially, causing pitting, whidiin turn lead to breeches in the strained Si lay^i^en 
the etch time was prolonged. 

FIG. 15 shows a TEM cross-sectional image of tfie SiGeOI structure fabricated 
lasing the proposed technique. No structural defects, such as dneading dislocations, 

2 5 were observed in the cross-sectional TEM of the SiGe layer, A low drasity of flneads 

in ttie 10^ cm'^ range was confirmed via EPD (etch pit density) of both the as-grown 
and bonded SiGe, whidi proves Hxat there is no substantial increase in threading 
dislocations due to the proposed process. This is in contrast to SMOX, which can 
possibly introduce many additional defects depending on the material system being 

3 0 implanted, in particular, the threading dislocation for unplanted SiGe of various Ge 

fiactions has not yet been reported in th& literature. 

An AFM scan of the strained Si sur&ce after the final etching, is shown in FIG. 
16. The nns roughness was found to be roughly 1 0 oni, with a maximum peak-to- 
valley dtffer^oce of 6.4 mn. This demonstrates ibsi although ttie WiH^OiiOhCOOH 
35 (1:2:3) SiGe etch, has a good selectivity, it leaves &e strained Si layer moderately 
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rough. Hence, i?^eQusmg this etxih, the Si etch stop layer might not be smooth 
enough to double as a device channel, since the sur&ce roughness may affect device 
perfoimance. Ifthis is so, tibe easiest and most general iqf^proachsi]^ 
removal of the Si etch stop layer with KOH, or any another Si etch that is selective to 
5 the Ge composition being used The desired device strocture can then be grown onto 
die SiGeOI substrata includiog a strained Si sur&ce channel or any oth^ more 
elaborate structure. 

An alternative approach, especially in the case of buried diannel devices, would 
involve the incorporation of the device channel iayets mto the bonding stroctoie. 
10 Either avenue is easily attainable using our flexible bondrng/^ch-back process. Using 
this graeral approach^ the benefits of an insulating substnle (or for tfiatmatt^, any 
substrate) can easily be ^Ued to any SiGe device, wilhout any constraints on SiGe 
diickness, Ge coniposition or insulating layer tibickness or type. 

Although file present invention has be^ shown and described with respect to 
15 several preferred embodiments tfaereoi^ various changes, omissions and additions to the 
form and detail ttereo^ may be made dierdn, without departing from the spirit and scope 
of the invention. 

What is claimed is: 
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CLAIMS 

1 1. A monociystalline etch-stop layer system for use on a monociystalline Si 

2 substrate/ said system comprising a substantially relaxed graded layer of SiuGCx, and a 

3 uniform etch-sstop layer of substantially ielaxed Sii.yGey. 

1 2. The system of claim 1, wherem x<020. . 

1 3. The system of claim 1, wherein y>0.19. 

1 4. The system ofclaiml, wherein x<020 and y>0.19. 

1 5. The system ofclaiml, wherein said Sii.yGey layer is bonded to a second 

2 substrate. 

1 6* The syst^ of claims, wheidn said second substrate comprises Si. 

1 7. The system ofclaimSy wherein said second substrate comprises glass. 

1 8. The.system of claim 5, wherrin said second substrate contprisesqua^ 

1 9. The system of claims, wherein said second substrate comprises a layer of 

2 SiOj on a second Si substrate. 

1 10. The system of claim S, whoein the first Si substrate and graded lay^ are 

2 substantially removed. 

1 11. The system of claim 6, wherdn die first Si substrate and graded layer are 

2 substantially removed. 

1 12. The system of claim 7, wh^in die first Si substrate and graded layer are 

2 substantially removed. 

1 13. The system of claim 8, wh^ein die first Si substrate and graded layer are 

2 substentially removed. 

1 14. llie system of claim 9, wherein the first Si substrate and graded layer are 



2 substantially removed. 
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1 IS. Hib system of claim 1, vherem a SiOz 1^ is deposited onto said Sii.yGey 

2 layer. 

1 16. The system of claim 15, wherein said SiOi layer is bonded to a second 

2 substrate. 

1 17. llie system ofclaim 16, wherein said second substrate comprises a Iqr^ 

2. ' SiQz on a second Si substrate. 

1 18. The system ofclaim 16, wfaeiein said second substrate conq»^ 

2 SiQs on a glass substrate. - 

1 19. The system of claim 16, wheiein said second substrate comprises a layer of 

2 SiQ2 on a quartz substrate. 

1 20. The system of claim 16, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 21. The system of claim 17, wherein die first Si substrate and graded layer are 

2 substantially ronoved. 

1 22. llie system of claim 18, wh^ein die first Si substrate and graded layer are 

2 substantially rranoved. 

1 23. The system ofclaim 19, wherein &e first Si substrate and graded layer are 

2 substantially removed. 

1 24. The system of claim 10, wherein the surface is plananzed 

1 25. llie system ofdaimll,in4iereiQ the suffice is planazized. 

1 26. The system ofclahn 12, wfaernn the surface is planarized. 

1 27. The systmi of claim 13, wherein the surfioe is planarized. 

1 28. The system of claim 14, wherein the sm&ce is planarized. 

1 29. The system of chum 20, wherein the surfice is planarized. 
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1 30. The system of claim 21» wbeim the surface is planarized. 

1 31. Tlie system ofclahn 22, vi^etdn die sai&ce is pl^ 

1 32. Ihe system ofclahn 23, wfaeim the surface is plan^ 

1 33. A monociystalline etch-stop layer syst^ for use cm a monocrystaUine Si 

2 substrate, said sy&tein con^rising a substantiaUy relaxed graded layer of Sii.xGe^; a 

3 uniform etdi-stop layer of substantially rdaxed Sii^Q^; and a strained Sii-zGcz layer. 

1 34. Thesyst^ofclaim33,i^eteinz<y. 

1 35. The system of claim 33, wheiBiay>0.18. 

1 36. The system ofclaim 33, iKdieieiny>0J8 and z<y. 

1 37. ilie system pfclahn 33, herein y>0.18 and z«0. 

1 38. Hie system ofdaim 33, wheiein said Sii.^G^ is bonded to a second 

2 substrate, 

1 39. Tlie system ofclaim 38, wfaeacein said second substrate comprises Si 

1 40. The system ofclaim 38, wfaeriran said second substrate coniprises gl^ 

1 41. Tlie system of claim 38, ^^^lerein said second substrate comprises quartz. 

1 42. The system ofclaim 38, \rfierdn said second substrate conoprises a lay^ of 

2 Si02 on a second Si substrate. 

1 43. llie system ofclaun 38, Trfiezeintfie first Si sid)Strate and graded 

2 substantially removed. 

1 44. Tlie system ofclaim 39, vdieiein the first Si substrate and graded 1^^ 

2 substantially removed. 

1 4S. Tlie system of claim 40, ydierein the first Si substrate and graded kyer 

2 substantially removed. 
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1 46. The system of claim 41, wherein Ae first Si substrate and giaded 

2 layer are substantiaUy removed. 

1 47. Ibe system of claim 42, ^erem the first Si substrate and graded layor are 

2 substantially removed. 

1 48. The stnictore in claim 33 in which a SiQi layer is dq)08ited onto said Sii. 

2 ^^layer. 

1 49. TliesystCTOfclaim 48, i^arem said SiOz layer is bonded to a second 

2 substrate. 

1 SO. The system of claim 49, wherdn^ second substrate conqxrises a layer of 

2 SiQz on a second Si substrate. 

1 SI. The system ofclann 49, wherein &e second substrate comprises a layer of 

2 SiOj on a glass substrate. 

1 S2. The system of claim 49, wherein the second substrate comprises a layer of 

2 SiOz on a quartz substrate. 

1 S3 : The system of claim 49, wherem the first Si substrate and graded lay^ are 

2 substantially removed. ■ : 

1 S4. Hie system of claim SO, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 SS. The system ofclaim SI, wherein the first Si substrate and graded layer are 

2 substantial^ removed 

1 S6. The system ofclaim S2,wheiem&e first Si substrate and graded layer are 

2 substantially removed. 

1 S7. Amonocrystallineetdi-stcvlayersystemforuseQnamonocrystallineSi 

2 substrate, comprising a substantially relaxed graded layer of Sii.xOe,a ^ uniform etch- 

3 stop kqrer of substantiatty rehxed Sii.yG%; a second etoh-stop layer of strained Sii. 

4 zG^ and a substantially relaxed Si].«Gew lay^. 

1 S8. ,The system of claim 57, wherein y-0.05<w<yH).05. 
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1 59. The system of claims?, wherein \<Fy. 

1 60. llie system ofclBimS7,\vherein said Sii..^^ 

2 substrate. 

1 61. llie system ofclaiin 60, wherm said secorid substrates 

1 62. The system ofclaim 60, whraem said secoiid substrate comprises glass. 

1 63. The system of claim 60, i^dureiii said second substrate comprises quartz. 

1 64. The system ofclaim 60, whmin said second substrate comprises a layer of 

2 SiQz on a second Si substrate. 

1 65. The system ofclann 60, wherein the first Si substrate and gnuie^ 

2 substantially rranoved. 

1 66. The system ofclaim 61, i^erem the first Si substrate and graded layer are 

2 substantially removed 

1 67. The system ofclaim 62, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 68. The system ofclaim 63, wfaeiem the first Si substrate and graded layer are 

2 substantially removed. 

1 69. The system ofclaim 64, wherem the first Si substrate and graded layer are 

2 substantially removed. 

1 70. The system ofclaun 57, ^iriierem a SiQi layer is dqKid 

2 wGew layer. 

1 71. The system ofclaim 70, wherein said SiOi layer is bonded to a second 

2 substrate. 

1 72. The system ofclaim 70, ^Kiierein the second substrate coixq[)rises a layer of 

2 SiOionasecondSisubstiate. 
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1 73. The system of claim 70, wberem&e second substrate comprises a 

2 layer ofSi02 on a glass substrate. 

1 74. He system of claim 70, wherein the second substrate comprises a layer of 

2 Si02 on a quartz substrate. 

1 75. The system ofclaim 70, v^erein die fioist Si substrate and graded I^^ 

2 substantially removed. 

1 76. The system of claim 71, wherein the first Si substrate and graded layer are 

2 substantially removed. 

X 77. The system ofclaim 72, >^ierein the first Si substrate and gi^^ 

2 substantially removed. 

1 78. The system ofclaim 73, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 79. The system ofclaim 74, vt^oem the first Si su^ 

2 substantially removed. 

1 80. A method ofintegrating a device or layer comprising: 

2 depositing a substantially relaxed graded layer of Sii.xGex on a Si substrate; 

3 depositing a uniform etch-stop layer of substantially relaxed Sii-yGcy cm said 

4 graded buffer; and 

5 etching portions of said substrate and said graded buffer in ord^ to release said 

6 etch-stop layer. 

1 81. The mediod of clairn 80, whoem x<020. 

1 82. The mediod ofclaim 80, wfaeremy>0.19. 

1 83. The mediod ofclaim 80yWfaeremx<0J20 and y>0.19. 

1 84. The method ofclaim 80, wherein tiieetdiant used to release the etch 

2 layer is KOH. 

1 8S. The method ofclaim 80, whmin the etchant used to release tiie etch-stop 

.2 layaisTMAHL 
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1 86. The method of claim 80, wherein the etohant used to release the 

2 . etch-stop layer is EDP. 

1 87. The method ofclaim 80, vidierdn die etd^stcqp is released 

2 layer is planarized. 

1 88. The method ofclaim 87, wherein the method of plai^^ 

2 mechanical polishing (CMP). 

1 89. A method ofintBgcating a device or layer conqirising: 

2 depositing a substantially relaxed graded layer of Sii^G^ on a Si substrate; 
% depositing a unifomi first etch-stop layer of sabstantiaUy relaxed Sii.yGey on 

4 said graded buffer, 

5 depositing a second etch-stop layer of stramed Sii^G^; 

6 dq>ositing a substantially relaxed Si].ivGew layer; 

7 etching portions of said substrate and said graded buffer in ord^ to release said 

8 first etchrstop layei^ and 

9 etching portions of said residual graded bufifer in order to release &e second 
LO etch-stop Sii.s^ layer. 

1 90. The method of claim 89, wherein the etchant used to release the second 

2 etch-stop layer comprises an oxidant and an oxide stripping agrat 

1 91. The method ofclaim 90, whcrdntiie oxidant oxidkesGe much more 

2 rapidly dianSL 

1 92. lliemediod of claim 90, iTidiereantfie oxidant 

1 93. The meihod of claim 90, whminttestx^pmg agent cm^ 

1 94. The method of claim 90, wheieintteoddantccn^^ 

2 * stiqyping-ag^toompiisesHF. 

1 95. The mediod of claim 94, if^etein &e ditating agent comprises GI3 

1 96. lliem^iodofc]aim9S,wfaeimdi6ratioofdiemicaIsmt^ 

2 (1:2:3) for (HF:H2Q2;CH3COOH). 
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1 97. The method of claim 89, wh^ein wet oxidation is used to 

2 selectively oxidize the Sii.xGex and Si|.yOey, tiieieby acting as an etch-stop with reject 

3 toSiusGe^ 

1 98, The method ofclaim 97, wherein Ae wet oxidation tempmture is <7S0 

2 degrees Celsius. 

1 99. The method ofclaim 97, whoein the (»ddi2X!d layers are removed by an 

2 and water sohitiort 

1 100. The method ofclaim 98, wherein the oxidized layers are removed by an 

2 HFsohition. 

1 lOL ThemediodofcIaim90,iAiiereintheSii4GesIayerissubseq[^ 

2 iCTOved using a selective etchant with respect to the Sii.wGewl^^. 

1 102. The mediodofclaim 91, i?\^a:ein the SiuzGez layer is subsequently 

2 removed using a selective etchant with respect to the Sii.wGcw layer. 

1 103. Thern^odofclaim92,wheremtfae Sii40eslayeris5ubseqDmitly 

2 removed using a selective etchant widi respect to the Si].wGew layer. 

1 104. Hie method of claim 93, wherein the SiuzGez layer is subsequratly 

2 removed using a selective etchant with respect to the Sii^e^ layer. 

1 105. Tfe method of claim 94, wherein the Sii^^ layer is subsequently 

2 removed using a selective etdiant with nsped to the Sii.^ew lay&c. 

1 106. The mefliod of claim 95, wherein the SiLzGcx layer is subseqaently 

2 removed using a selective etchant with req;)ect to die Sii.wGew layer. 

1 107. The me&od of claim 96, wherdn the Sii.KGez layer is sobse^ 

2 .removed using a selective etchant witii respect to die Sit.wC}e« layer. 

1 .108. The method ofclaim 97, wherein the Sii./}ez layer is subsequently 

2 removed using a selective etchant with respect to the Sii^ew layer. 

1 109. The method ofclaun 98, whereia die Si|.zOetE layer is subseqi^ 

2 removed using a selective etchant wiOi respect to die Sit^e^ layer. 

^ 110. Ihe method ofclahn 99, wherein die Si].sGex layer is subseqaently 
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2 lemoved using a selective etchant wifh respect to the Si^^wGew layer. 

1 IIL Ilie method of claim lOO^in^ecein the Si].i^ 

2 removed usmg a selective etchaat wifli respect to die Sii-wGe^ layer. 
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